The phytohormone jasmonoyl-isoleucine (JA-Ile) regulates defense, growth and developmental responses in vascular plants. Bryophytes have conserved sequences for all JA-Ile signaling pathway components but lack JA-Ile. We show that, in spite of 450 million years of independent evolution, the JA-Ile receptor COI1 is functionally conserved between the bryophyte Marchantia polymorpha and the eudicot Arabidopsis thaliana but COI1 responds to different ligands in each species. We identified the ligand of Marchantia MpCOI1 as two isomeric forms of the JA-Ile precursor dinor-OPDA (dinor-cis-OPDA and dinor-iso-OPDA). We demonstrate that AtCOI1 functionally complements Mpcoi1 mutation and confers JA-Ile responsiveness and that a singleresidue substitution in MpCOI1 is responsible for the evolutionary switch in ligand specificity. Our results identify the ancestral bioactive jasmonate and clarify its biosynthetic pathway, demonstrate the functional conservation of its signaling pathway, and show that JA-Ile and COI1 emergence in vascular plants required co-evolution of hormone biosynthetic complexity and receptor specificity.
J asmonoyl-isoleucine (JA-Ile; 1 ) is a fatty acid-derived phytohormone chemically similar to animal prostaglandins that regulates the activation of responses to many biotic and abiotic stresses in vascular plants. JA-Ile is also an essential regulator of many physiological and developmental processes [1] [2] [3] . Hormone synthesis starts in chloroplasts with lipase-mediated release of the membrane fatty acids α -linolenic or hexadecatrienoic acids 2 . Oxygenation by 13-lipoxygenases and dehydration-cyclization by the enzymes AOS (allene oxide synthase) and AOC lead (allene oxide cyclase) to production of 12-oxo-phytodienoic acid (OPDA; 2 ). OPDA is transported into the peroxisome, where it is reduced by OPDA-reductase 3 (OPR3) and undergoes three β -oxidation cycles to produce jasmonic acid (JA; 3 ). Cytoplasmic JAR1 (Jasmonate-amido synthetase 1) conjugates JA to Ile, giving rise to the bioactive hormone (+ )-7-iso-JA-L-Ile 4, 5 . This biosynthetic pathway is widely conserved in tracheophytes and has been recently characterized in Selaginella moellendorffii wherein JA-Ile has been detected 2, 6, 7 . JA-Ile triggers an interaction between the receptor F-box protein COI1 and members of the JAZ (jasmonate-ZIM domain) family of repressors, which are also hormone co-receptors [8] [9] [10] [11] [12] . COI1-mediated degradation of JAZ repressors is the key step for derepressing transcription factors and activating genetic reprogramming of the cell in response to the hormone 3, 9, 10, 13, 14 . A. thaliana has been an instrumental model system for identifying the bioactive hormone and elucidating its signal transduction pathway in eudicots. Nonetheless, A. thaliana is just one of the ~400,000 plant species on earth, many of which are separated by millions of years of evolution. Detailed knowledge of the Arabidopsis JA-Ile signaling pathway is thus unlikely to represent its diversity in other plant lineages. Current genome-sequencing projects have been instrumental in identifying candidate ortholog genes in diverse organisms. However, candidate ortholog gene identification is just a first step toward unveiling mechanistic specificities that are shaped by evolution. For instance, genome sequences for all bryophyte lineages (hornworts, liverworts, and mosses) [15] [16] [17] [18] show conserved gene candidates for all core components of the JA-Ile signaling pathway, which include COI1, JAZ, MYC, NINJA and TPL. Recent genome analysis of the liverwort M. polymorpha showed that this pathway first appeared in the common ancestor of extant land plants more than 450 million years ago 18 . However, the capacity of bryophytes to synthesize and/or respond to JA-Ile is debated. Whereas accumulation of JA and JA-Ile was reported in liverworts and mosses [19] [20] [21] , orthologs of key enzymes for JA and JA-Ile biosynthesis appear to be absent in the M. polymorpha and Physcomitrella patens genomes 15, 18 . Experimental evidence supports the idea that P. patens and M. polymorpha can synthesize the JA precursor OPDA, but due to lack of OPR3 and JAR1 they cannot produce JA-Ile [22] [23] [24] [25] . This is consistent with the proposed first appearance of OPR3 and JAR1 functions and presence of JA-Ile in lycophytes 7 . Bryophytes thus have putative conserved JA-Ile signaling machinery but lack JA-Ile, suggesting the use of a distinct signaling molecule.
Here we address the functional conservation of the COI1 receptor in bryophytes and the identification of its ligand in the liverwort M. polymorpha. This model plant has a relatively small genome and a privileged phylogenetic position. Although the order of bryophyte evolutionary divergence is still not unequivocally resolved 26 , liverworts have been proposed to be the sister lineage of all other land plants based on genome analysis and fossil records 18 . Therefore,
Ligand-receptor co-evolution shaped the jasmonate pathway in land plants
Identification of the Marchantia AtCOI1 ortholog. The finding of COI1-and JAZ-related sequences in the M. polymorpha genome suggests a conserved hormone receptor machinery in land-plant evolution 18 . To examine whether there is functional conservation of the jasmonate signaling pathway in a plant that lacks JA-Ile, we generated knockout mutant alleles in the male (Tak-1) and the female (Tak-2) backgrounds for the Marchantia gene closest to AtCOI1, Mapoly0025s0025 (MpCOI1), using homologous-recombinationmediated gene targeting (Mpcoi1-1) 29, 30 and CRISPR-Cas9 D10A technology (Mpcoi1-2 and Mpcoi1-3; Supplementary Fig. 2a ,b) [31] [32] [33] [34] . The closest gene to Mapoly0025s0025 in the Marchantia genome encodes for an AtTIR1 ortholog 18 , suggesting that MpCOI1 function is encoded by a single gene with no redundancy. All three Mpcoi1 alleles were insensitive to OPDA-triggered growth inhibition independently of the sex of the plant (Fig. 1a,b) , and this phenotype could be reversed by complementation with the WT MpCOI1 gene (Fig. 1c,d ). These data indicate that MpCOI1 is the functional ortholog of the AtCOI1 receptor in M. polymorpha and that, similarly to angiosperms, the MpCOI1-dependent pathway controls growth in response to OPDA.
Besides growth, the COI1 pathway regulates jasmonate biosynthesis, plant defense and fertility in Arabidopsis 2 . Liquid chromatography-mass spectrometry (LC-MS) quantification of OPDA levels showed that Mpcoi1-1 has approximately one third of the OPDA produced by WT (Tak-1) in basal conditions (Fig. 1e) , which suggests that the COI1-dependent positive feedback loop that regulates this biosynthetic pathway in Arabidopsis is also found in Marchantia 2 .
To determine whether the MpCOI1 pathway regulates defense responses in M. polymorpha like it does in eudicots, we challenged Mpcoi1-1 and wild-type thalli with larvae from the generalist herbivore Spodoptera littoralis. Larvae that fed on the Mpcoi1-1 mutant weighed twice as much as those that fed on WT Tak-1 or Tak-2 ( Fig. 1f) , indicating that MpCOI1 is necessary for defense against the insect in M. polymorpha and that the role of this signaling pathway in plant defense is thus also conserved in land plants.
Fertility is compromised in Arabidopsis mutants with altered JA-Ile biosynthesis, such as aos 35 , or perception, such as coi1 8, 36 . OPDA biosynthetic P. patens mutants also show reduced fertility 23 . In contrast, Mpcoi1 female and male mutants were crossed successfully and backcrossed to wild type. The sporangia showed no developmental defects and the mutation segregated as expected (1:1; Supplementary  Fig. 2c,d ). Fertility is therefore not an ancient character regulated by the COI1 pathway, which was likely co-opted more recently in evolution.
To examine the extent of evolutionary conservation of COI1 function, we attempted to complement Mpcoi1-1 by expressing Arabidopsis AtCOI1 in transgenic Marchantia plants. In spite of more than 450 million years of independent evolution and the lack of JA-Ile in Marchantia, expression of AtCOI1 using two distinct constitutive promoters (MpEF1 and CaMV 35S) restored partial OPDA responsiveness (Fig. 2a,b ). This suggests that AtCOI1 is still able to perceive the bryophyte hormone, although with lower affinity than MpCOI1. In contrast to WT plants, transgenic Mpcoi1 mutants expressing AtCOI1 ( pro MpEF1:AtCOI1/Mpcoi1-1 and 35S:AtCOI1/ Mpcoi1-1) remarkably perceived JA-Ile and its mimic coronatine (COR; 4 ; a bacterially produced COI1 ligand; Fig. 2a,b) 
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. These data confirm the functional correspondence between MpCOI1 and AtCOI1 and unveil their differences in ligand specificity. In addition, these results indicate that the entire signaling pathway is largely conserved, as AtCOI1 recapitulates all events that lead to growth inhibition in response to molecules that do not act on WT Marchantia.
To examine conservation at the molecular level, we designed a microarray of the Marchantia genome (see Methods). Transcriptomic analyses 38 showed that most genes upregulated by OPDA treatment were also upregulated by wounding ( Fig. 3a,b ; Supplementary Dataset 1), indicating that as in the JA-Ile pathway in vascular plants 2, 39 , OPDA regulates wounding responses in M. polymorpha. In Mpcoi1, OPDA did not induce expression of most OPDAupregulated genes in the WT (Fig. 3b , Supplementary Dataset 1 and Supplementary Fig. 3a) . COR treatment mimicked OPDA responsiveness in complemented Mpcoi1 mutants that expressed AtCOI1 ( pro MpEF1:AtCOI1/Mpcoi1-1), which further confirmed functional conservation of COI1 ( Fig. 3b; Supplementary Dataset 1) . Q-PCR analysis of marker genes confirmed their MpCOI1-dependent or -independent induction by OPDA and complementation by AtCOI1 ( Supplementary Fig. 3a ). Gene ontology (GO) analysis of the MpCOI1-dependent clusters using the Marchantia annotation or that of Arabidopsis homologs indicated enrichment of jasmonate-, wounding-, defense-and lipid-metabolism-related processes, further substantiating functional conservation ( Supplementary Datasets 2 and 3) .
The G-box (CACGTG) is the target of AtCOI1-regulated AtMYC transcription factors 9, 40 . We detected significant enrichment of this box in the proximal promoter region of OPDA-or wounding-upregulated genes compared to its presence in the Marchantia genome ( Supplementary Fig. 3b,c) . This suggests that MYC function is also conserved downstream of hormone perception.
Val
377 in MpCOI1 determines ligand specificity. To identify the COI1 protein residues that determine ligand specificity, we examined the in vivo function of chimeric proteins that combine the N-terminal half of AtCOI1 and C-terminal half of MpCOI1 (AtCOIMpCOI) or vice versa (MpCOI-AtCOI). Both chimera types complemented the Mpcoi1 response to OPDA (Fig. 4a,b) . Nonetheless, only plants bearing the C-terminal part of AtCOI1 responded to JA-Ile-like plants that express full-length AtCOI1. The hormone specificity determinants are therefore located in the C terminus. Alignments of available sequences of the C-terminal half of COI1 from several species 16, 41 showed a striking difference between bryophyte and tracheophyte sequences at position 384 in AtCOI1 (377 in MpCOI1). All vascular plants bear an alanine in this position, whereas bryophytes predominantly show valine or isoleucine, but never Ala ( Fig. 4c and Supplementary Fig. 4 ). Available structural data showed that AtCOI1 Ala384 contacts the isoleucine side chain of JA-Ile 11 , suggesting that this difference between bryophytes and tracheophytes is important for ligand specification. We therefore mutated the Val in MpCOI1 to Ala and analyzed the specificity of the resulting protein (MpCOI1 V377A ). MpCOI1
V377A expression in the Mpcoi1-1 background restored OPDA sensitivity, indicating that the mutant protein MpCOI1
V377A is active and that it complements the Mpcoi1-1 mutation (Fig. 4d,e) . Strikingly, the transgenic plants were also able to perceive both JA-Ile and COR (Fig. 4d,e) , similarly to plants expressing AtCOI1 in Mpcoi1-1 (Fig. 2) . A single amino acid change thus switches MpCOI1 ligand specificity to that of AtCOI1, which underlies the evolutionary divergence of the jasmonate ligand in early and late diverged plants.
The Val-to-Ala change enlarges the MpCOI1 pocket, allowing JA-Ile or COR binding (see below). Because the MpCOI1 hormonebinding pocket is smaller than that of vascular plants, it is likely that the bryophyte hormone would also be smaller than JA-Ile.
OPDA is a precursor of the MpCOI1 ligand. In Arabidopsis, AtCOI1 interacts with AtJAZ only in the presence of the hormone JA-Ile or its mimic, COR 5, 11 . As OPDA, but not JA or JA-Ile, accumulates after wounding in WT Marchantia plants, we tested whether OPDA is the MpCOI1-MpJAZ co-receptor ligand. We performed pull-down assays with OPDA, JA-Ile, and COR using AtCOI1-AtJAZ9 as a positive control. In contrast to JA-Ile or COR, OPDA did not induce the interaction between AtCOI1 and AtJAZ9, as described 5 ( Supplementary Fig. 5a ). OPDA, JA-Ile or COR were unable to induce the MpCOI1-MpJAZ interaction ( Supplementary  Fig. 5b ), which suggests that the active hormone that binds the MpCOI1-MpJAZ co-receptor is not OPDA, but possibly an OPDA derivative.
OPDA produces dn-OPDA isomers after wounding. To identify the OPDA-derived ligand of MpCOI1, we used LC-MS to measure OPDA-related compounds that were previously identified in plants, for which we had available standards or that we were able to synthesize (compounds in bold in Supplementary Fig. 6 ). In addition to OPDA, only 2,3-dinor-OPDA (dn-OPDA; 5 ) 42 , and to a higher level its isomer 2,3-dinor-12-oxo-9(13),15(Z)-phytodienoic acid (dn-iso-OPDA; 8 ), accumulated in wounded plants, showing kinetics similar to that of OPDA (Fig. 5a) . In contrast to Marchantia, Arabidopsis plants were only able to synthesize dn-OPDA, but not dn-iso-OPDA ( Supplementary Fig. 7a ), suggesting the presence in Marchantia of a dn-OPDA Δ 10 → Δ 9(13) isomerase activity. Consistent with this accumulation, in addition to OPDA only dinor-OPDA and dinoriso-OPDA inhibited growth in an MpCOI1-dependent manner, whereas the other compounds tested produced no effect in planta ( Supplementary Fig. 7b ).
It has long been assumed that the major source of dinor-OPDA in angiosperms is hexadecatrienoic acid, which is also abundant in Marchantia chloroplast membranes 42, 43 . Although conversion of OPDA into dn-OPDA and/or dn-iso-OPDA has not been reported yet in Marchantia, dn-OPDA synthesis from OPDA has been recently detected in Arabidopsis 44 . To test whether both hexadecatrienoic acid and OPDA can be dinor-OPDA precursors in Marchantia, we fed WT plants with deuterated OPDA (d5-OPDA), deuterated α -linolenic acid (d5-18:3; the OPDA precursor; Supplementary  Fig. 6 ), or deuterated hexadecatrienoic acid (d6-16:3) and used ) and genes downregulated (log-ratio < -1; FDR < 0.05) in two independent Mpcoi1-1 and Mpcoi1-2 alleles after 2 h OPDA treatment (down Mpcoi1). Differentially expressed genes were evaluated by the nonparametric algorithm 'Rank Products' 38 . b, Clustering analysis of genes upregulated (Tak-2 OPDA 2 h vs. mock) and/or downregulated by OPDA (2 h) in the two Mpcoi1 alleles compared to WT (Mpcoi1-1 OPDA vs. Tak-2 OPDA and Mpcoi1-2 OPDA vs. Tak-1 OPDA). Clustering includes log-ratio values of selected genes in three additional experiments: Mpcoi1-1 mutant complemented with AtCOI1 in response to 2 h COR treatment (AtCOI1/ Mpcoi1-1 COR vs. Mpcoi1-1), Mpcoi1-2 response to 2 h OPDA treatment (Mpcoi1-2 OPDA vs. mock), and Tak-2 response to wounding (2 h; wound vs. mock). Analysis was set to three clusters, in which clusters 1 (top) and 2 (center) correspond to genes upregulated in response to OPDA and/or wounding and downregulated in both Mpcoi1 alleles, and cluster 3 (bottom), to OPDA-induced, MpCOI1-independent genes. Total number of genes, 282. For a and b, n = 3 independent biological replicates formed by 8 plants each.
LC-MS to quantify plant production of deuterated derivatives. Both d5-dn-OPDA isomers accumulated after d5-OPDA treatment (Fig. 5b) , which indicated that OPDA can be efficiently converted to dn-OPDA in Marchantia. The OPR3-mediated OPDA derivative OPC-6 was not detected, which confirmed lack of OPR3 activity in this plant. d5-OPDA and both d5-dn-OPDA isomers also accumulated after feeding plants with d5-18:3, which further supports the idea that OPDA is converted into dn-OPDA and dn-iso-OPDA in Marchantia ( Supplementary Fig. 8a,b) . Treatment with d6-16:3 resulted in rapid accumulation of both d5-dn-OPDA isomers, but not of d5-OPDA (Supplementary Fig. 8c ). These data confirm that both hexadecatrienoic and linolenic acids are dn-OPDA sources (Supplementary Fig. 6 ). Nondeuterated OPDA and dn-OPDA isomers also accumulated after all three treatments with deuterated precursors, which indicates that synthesis of the hormone is subject to positive feedback, as is the case in angiosperms ( Supplementary  Fig. 8d-f) 2 .
dn-iso-OPDA and dn-cis-OPDA are MpCOI1 ligands. Although the cis and trans stereoisomers of dn-OPDA were not separated in our LC-MS assays, we prepared pure dn-trans-OPDA (6 ) and tested the activity of the three possible isomers, dn-cis-OPDA (7 ), dn-trans-OPDA and dn-iso-OPDA (Fig. 6a) . Treatment of plants with similar concentrations of OPDA and dn-OPDA isomers showed that dn-iso-OPDA and dn-cis-OPDA have a greater inhibitory effect than OPDA in WT plants and that this effect was MpCOI1 dependent (Fig. 6b,c) . Dn-trans-OPDA was very poorly active compared to the iso and cis isomers, and we cannot discard the possibility that this activity is a consequence of trans/cis isomerization in the plant. To determine whether dn-cis-OPDA or dn-iso-OPDA is the bioactive hormone or whether they are still precursors of the hormone, we used cell-free pull-down assays to test their capacity to trigger formation of the co-receptor MpCOI1-MpJAZ complex. Increasing dn-cis-OPDA and dn-iso-OPDA concentrations triggered retention of increasing amounts of MpCOI1 from plant cell-free extracts by the immobilized MBP-MpJAZ protein, whereas dn-trans-OPDA was almost inactive (Fig. 6d) . Again, OPDA, JA-Ile, and COR did not behave as ligands of the MpCOI1-MpJAZ co-receptor ( Supplementary Fig. 9a ). To further support the idea that these two isomers of dn-OPDA are the ligands of MpCOI1, we analyzed the MpCOI1-MpJAZ interaction in a yeast heterologous system (yeast two-hybrid assays 45 ) in which other components of this signaling pathway are not conserved. As shown in Fig. 6e , JA-Ile had no effect on yeast growth, further indicating that JA-Ile is not a ligand of MpCOI1. By contrast, both dn-iso-OPDA and dn-cis-OPDA promoted the interaction between MpCOI1 and MpJAZ and therefore yeast growth. This effect was clear even in the case of dn-cis-OPDA despite its toxicity for yeast cells that reduced growth of the positive control (Fig. 6e) . These results indicate that dn-iso-OPDA and, to a lesser extent, dn-cis-OPDA are the MpCOI1 ligands and are therefore the bioactive jasmonates in Marchantia polymorpha.
Finally, because dn-cis-OPDA also accumulates in Arabidopsis ( Supplementary Fig. 7a ) and AtCOI1 partially complements the Mpcoi1 mutant, we tested whether dn-cis-OPDA and dn-iso-OPDA could be ligands of AtCOI1. As shown in Fig. 6f , dn-cis-OPDA and, to a lesser extent, dn-iso-OPDA promoted the interaction of AtCOI1 with MpJAZ. This result explains why AtCOI1 can complement the Mpcoi1 mutant and raises the interesting possibility that dn-OPDA could retain some of its hormonal function in vascular plants.
Finally, to mechanistically understand the wider ligand response conferred by the MpCOI1 V377A mutation in Marchantia we compared the binding capacity of this mutant protein to dn-OPDA and COR. Supplementary Fig. 9b shows that COR can trigger the interaction of MpCOI1 V377A with MpJAZ similarly to dn-cis-OPDA, further supporting the notion that this particular amino acid has a key role in ligand specification and COI1 evolution.
Discussion
In this study, we identified a hormone, the MpCOI1 ligand dn-OPDA, which has two active isoforms in M. polymorpha, and show that bryophytes and vascular plants share a conserved signaling machinery that is activated by distinct molecules (dn-iso-OPDA/dn-cis-OPDA or JA-Ile).
Understanding the evolution of land plants is a major issue in biology. Genome sequences available from a myriad of sequencing projects provide an unprecedented opportunity to study pathway conservation among plant lineages and to understand the degree to which the knowledge obtained in eudicot models represents plant diversity. More importantly, comparative genomics should help to identify mechanisms that might be hidden by the complexity of gene redundancy in late-derived plants.
Identification of candidate gene orthologs by sequencing programs may provide the first clue for the evolution of signaling pathways. However, understanding the extent of conservation and divergence requires functional analyses. In this context, the liverwort M. polymorpha is emerging as a model system for these types of studies. Although it is still a matter of debate 26 , liverworts are considered the sister lineage to all other land plants 18 , and Marchantia therefore represents a unique model for evolutionary studies, as features that are conserved with other plants should be already present in the common ancestor of land plants that conquered the land more than 450 million years ago 18 . Aside from evolutionary importance, the presence in its genome of single copies for most regulatory genes facilitates identification of ortholog candidates and their functional validation due to limited redundancy 18 , which represents a major problem for gene discovery in later-evolved plants. In fact, we found that there is a single copy of each of the core components of the jasmonate pathway, which, together with the functional conservation shown here, indicate that this pathway appeared in the first common ancestor of extant land plants 18 . However, the hormones that activate the JA pathway must be different in bryophytes and vascular plants because liverworts and mosses lack two key enzymes (OPR3 and JAR1) needed for the biosynthesis of JA-Ile and would thus be unable to synthesize it (shown in this study) 23, 24 . Consistent with this hypothesis, we found that JA-Ile is neither synthesized nor perceived by bryophytes, but rather that Marchantia produces two isomers of dn-OPDA (i.e., dn-cis-OPDA and dn-iso-OPDA) as the bioactive ligands of its COI1 receptor. The wound-induced accumulation of OPDA and dn-OPDA isomers indicates that the chloroplastic steps of JA biosynthesis are conserved in bryophytes and vascular plants and would therefore have been present in their common ancestor. In eudicots, the major sources of these compounds are α -linolenic (18:3) and hexadecatrienoic (16:3) acids 2 . These two fatty acids are abundant in Marchantia chloroplastic membranes 43 ; however, the observation that OPDA inhibits growth in Marchantia plants coupled with the finding that only dn-OPDA isomers, and not OPDA, are MpCOI1 ligands suggested OPDA as an additional dn-OPDA source. Our results using deuterated α -linolenic and deuterated OPDA showed that this conversion takes place in Marchantia and clarifies the biosynthetic steps to the bioactive hormone form in this plant. OPDA conversion into dn-OPDA has been recently reported to occur also in Arabidopsis 44 , which suggests that this is an ancient reaction, likely present in the ancestor of land plants. This ancient reaction likely gave rise to the JA-related hormone in bryophytes (dn-cis-OPDA and dn-iso-OPDA) and to the OPR3-independent pathway for JA biosynthesis described in vascular plants 44 . Therefore, OPR3 acquisition during evolution represents a more recent event that favored JA production in vascular plants.
In spite of general functional conservation, not all processes regulated by COI1 in vascular plants are regulated by MpCOI1 in M. polymorpha. In eudicots, the COI1 pathway regulates three main physiological processes in the plant that can be summarized as plant growth, defense and fertility 2 . In M. polymorpha, MpCOI1 is also involved in two of these processes (defense and growth inhibition by OPDA and dn-OPDA) but does not regulate fertility. In fact, Mpcoi1 female or male mutants were fully fertile in reciprocal crosses with WT or among them. Therefore, fertility is not an ancient character regulated by the COI1 pathway and was likely co-opted more recently in evolution. 
Articles

NATure CheMICAl BIOlOgy
The discovery of the hormone (dn-iso-OPDA/dn-cis-OPDA) and the fact that a single amino acid in MpCOI1 switches ligand specificity to that of AtCOI1 suggest a simple evolutionary path from ancestral land plants to extant vascular plants. It seems likely that the appearance of vascular plants exerted selective evolutionary pressure for a more polar hormone, which would facilitate its movement through the vasculature (see Methods section for partition coefficients of these molecules). The detection of trace amounts of the JA-Ile precursor JA and its lack of activity indicate that JA had not yet been co-opted for synthesis of a functional hormone in liverworts, and in the ancestral land plant JA might have been a catabolic product of dn-OPDA. Appearance of the new hormone JA-Ile only required adaptation of two enzyme activities (OPR3 and JAR1) from pre-existing functions. OPR3 facilitated OPDA and dn-OPDA entry into the peroxisomal β -oxidation pathway, which enhanced JA production and might have evolved from existing cytoplasmic OPR genes ( Supplementary Fig. 1 ) 17, 46 . The fact that JA is much more polar than dn-OPDA (see Methods) provided a selective advantage because of its systemic distribution via the vasculature 47, 48 . In a more critical event, because JA is smaller than dn-OPDA, JAR1-mediated conjugation of JA to Ile provided the specificity necessary for its interaction with COI1. JAR1 belongs to the family of GH3 enzymes, which have poor substrate specificity and are involved mainly in auxin conjugation to amino acids 49 . JA-Ile is slightly larger than the 'ancestral' dn-OPDA, but change of a single amino acid in the ancestral COI1 receptor easily accommodated the hormone variant. In summary, three changes (mutation of one amino acid in COI1 and modification of two pre-existing enzymes) were sufficient for the evolution of a new hormone and adaptation of its signaling pathway in vascular plants.
Co-evolution of hormone metabolites and receptor specificities are reported to broaden regulatory capabilities 50 . Although dn-iso-OPDA was not detected in Arabidopsis, dn-cis-OPDA accumulates and is currently considered simply a precursor of the vascular plant hormone JA-Ile. Our results suggest an additional hormonal role for dn-cis-OPDA in vascular plants, the importance of which awaits further study. . AtJAZ9-AtJAZ9 interaction was used as a positive control. L, leucine; W, tryptophan; H, histidine; A, adenine; BD, binding domain; AD, activation domain. Co-transformed yeasts were plated on media lacking the indicated amino acids to confirm the presence of the two or three plasmids (-LW or -ALW) or assess the interaction (-HALW). This experiment was repeated three times with similar results. f, Immunoblot (anti-flag antibody) of recovered AtCOI1-flag (from 35S:AtCOI1-flag Arabidopsis extracts) after pull-down reactions using recombinant MpJAZ-MBP protein alone (mock) or with OPDA, JA-Ile, COR, dn-cis-OPDA or dn-iso-OPDA (all 50 µ M except for COR, which was 0.5 µ M). Bottom, Coomassie blue staining of MpJAZ-MBP after cleavage with Factor Xa. This experiment was repeated five times with similar results. d and f, uncropped blots are shown in Supplementary Fig. 10a ,b.
Methods
Chemical synthesis. All details of chemical synthesis can be found in Supplementary Note 1.
Plant material and growth conditions. M. polymorpha accession Takaragaike-1 (Tak-1; male) and Takaragaike-2 (Tak-2; female) were the wild types. M. polymorpha (gemmae or spores) and Anthoceros agrestis (9 mm 2 thallus fragments) were grown on half Gamborg's B5 medium containing 1% agar under continuous light (50- Plant transformation. M. polymorpha was transformed following either the sporeling transformation method for F1 or BC4 sporelings 30 or the cut-thalli transformation method 33 . A. thaliana was transformed by floral dipping.
Gene identification and phylogenetic analyses. Sequences were obtained from Phytozome, http://marchantia.info, or OneKP database 16 . Sequences were aligned with MUSCLE, and trees were built with PhyML using 100 bootstraps.
Gene-targeting homologous recombination.
HR to obtain Mpcoi1-1 mutant was performed as previously described 29 . Two fragments of 3.5 kb were amplified from Tak-1 genomic DNA using primers listed in Supplementary Table 1 . Both fragments were cloned into the PacI and AscI sites of pJHY-TMp1 vector using In-Fusion cloning kit (Clontech). This vector was transferred to Agrobacterium tumefaciens GV6620 and used for F1 sporeling transformation 30 . The mutant line carrying the T-DNA insertion in the first exon was identified by PCR using primers listed in Supplementary Table 1 and KODFx Neo Polymerase to check that the insertion disrupted the MpCOI1 locus.
CRISPR-Cas9
D10A nickase-mediated mutagenesis to obtain Mpcoi1-2 and Mpcoi1-3 mutants. Four different gRNAs (Supplementary Table 1) were cloned into the BsaI site of pMpGE_En04 vector [vector modified from pMpGE_En03 (Addgene plasmid #71535) to insert BglI site at the EcoRI site] or into the multiplex vectors pBC-GE12, pBC-GE23 or pBC-GE34 31, 32, 34 . The four gRNAs cassettes were then cloned into pMpGE017 binary vector carrying the Cas9 D10A (nickase) 31, 32, 34 by LR reaction (Invitrogen). The pro MpEF:Cas9 D10A cassette was cloned into the Aor51HI-SacI site of pMpGWB101 (ref. 51 ) to generate pMpGE017 vector. The final construct of pMpGE017 was transferred to A. tumefaciens strain GV6620. M. polymorpha F1 spores and cut-thalli (Tak-1) were transformed and transformants selected on hygromycin, genotyped and sequenced. were amplified from Tak-1 cDNA (for WT genes) or plasmids containing AtCOI1 or MpCOI1 to introduce mutations with Expand High Fidelity (Roche) using specific primers (Supplementary Table 1 ) and cloned into pDONR207 (BP reaction; Invitrogen). The plasmid pDONR207 AtCOI1 was already available 5 . LR reaction (Invitrogen) was used to clone MpJAZ into pKM596 and pGADT7; MpCOI1 into pGBKT7, pMpGWB111 and 311; MpASK1 into pTFT; AtCOI1 into pMpGWB310 and 311; MpCOI1 V377A into pMpGWB111 and 310; and the chimeras into pMpGWB310 (ref. 51 ). BC4 sporelings were transformed with the construct pMpGWB111 MpCOI1 30 .
Protein extraction and pull-down assays. These assays were performed with Arabidopsis transgenic extracts as previously described 5, 52 . Every assay was repeated 4-5 times with similar results.
Yeast two-hybrid assays. This assay was performed as previously described 53 . MpASK1 was expressed in the pTFT vector (kindly provided by L. Colombo, University of Milan) to facilitate MpCOI1 protein stability 45 . AtJAZ9 dimer was used as a positive control 54 . Yeast growth 7 days after incubation at 28 °C was scored as positive interaction. This experiment was repeated 3 times with similar results.
Herbivory assays. M. polymorpha gemmae were grown on half Gamborg's medium (Duchefa) containing 1% agar in continuous light (20 °C 
) for 7 d before being transferred to soil (three per pot). Thalli were then grown for five weeks in a growth chamber (21 °C, 10/14 h light/dark cycle, 100 µ mol m −2 s −1
) using a lid to cover the tray and maintain high humidity. For insect assays, experiments were performed with 6-week-old M. polymorpha thalli in transparent plastic boxes. For each experiment, a total of 60 neonate Spodoptera littoralis larvae (eggs obtained from Syngenta) were placed on eighteen thalli. After 9 to 10 d of feeding, larvae were collected and weighed using a precision balance (MettlerToledo XP205). This experiment was repeated five times with similar results. 
Replication
Describe whether the experimental findings were reliably reproduced.
All experiments were reliably reproduced at least 3 times, most commonly 5 times
Randomization
Describe how samples/organisms/participants were allocated into experimental groups.
No randomization was used
Blinding
Describe whether the investigators were blinded to group allocation during data collection and/or analysis.
Hormonal MS quantifications and microarray analyses were performed blinded.
Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
Statistical parameters
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the Methods section if additional space is needed).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same sample was measured repeatedly A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one-or two-sided (note: only common tests should be described solely by name; more complex techniques should be described in the Methods section)
A description of any assumptions or corrections, such as an adjustment for multiple comparisons
The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
Clearly defined error bars
See the web collection on statistics for biologists for further resources and guidance.
